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[TITLE OF THE INVENTION] 

Circuit and Method for Designing Tree-structured Communication 
Channel and Computer-readable Storage Medium 

[PATENT CLAIMS] 
[Claim 1] 

A circuit for designing a tree-structured communication path for a 
communications network which comprises an egress node from which 
communication traffic is delivered, a plurality of ingress nodes to which said 
communication traffic is entered, and a transit node for repeating the 
communication traffic from said ingress node to said egress node, and a 
plurality of communication links for interconnecting said ingress, transit and 
egress nodes, said designing circuit determining a tree- structured 
communication path that accommodates all possible paths between a given 
ingress node and a given egress node, characterized by: 

optimizing threshold generating means for generating an object 
function that minimizes the number of candidate tree graphs for 
accommodating said paths; 

tree defining equation generating means for generating a constraint 
equation for causing all of said candidate tree graphs to form a tree; 

path accommodating equation generating means for generating a 
constraint equation for accommodating said communication paths in one of 
said candidate tree graphs; 

tree utilization check equation generating means for defining a 
constraint equation for determining whether each of said candidate tree 
graphs is used to accommodate said communication paths; and 

optimizing means for solving a compound integer programming 
problem formed by said objective function, and said constraint equations to 
obtain a plurality of trees in which said communication paths can be 
accommodated. 

[Claim 2] 

A circuit for designing a tree-structured communication path for a 
communications network which comprises an egress node from which 
communication traffic is delivered, a plurality of ingress nodes to which said 
communication traffic is entered, and a transit node for repeating the 
communication traffic from said ingress node to said egress node, and a 
plurality of communication links for interconnecting said ingress, transit and 
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egress nodes, said designing circuit determining a tree-structured 
communication path that accommodates all paths when existing paths are 
given and a path is given between an ingress node and an egress node, 
characterized by: 

existing path accommodating means for accommodating said existing 
path in an existing tree-structured communication path; 

optimizing threshold generating means for generating an objective 
function that minimizes the number of candidate tree graphs that accommodate 
ones of said communication paths which cannot be accommodated in said 
existing tree; 

tree defining equation generating means for defining a constraint 
equation for causing all of said candidate tree graphs to form a tree; 

path accommodating equation generating means for defining a constraint 
equation for accommodating said ones of communication paths in one of said 
candidate tree graphs; 

tree utilization check equation generating means for defining a constraint 
equation for determining whether each of said candidate tree graphs is used to 
accommodate at least one of said communication paths; and 

optimizing means for solving a compound integer programming problem 
formed by said objective function, and said constraint equations to obtain a 
plurality of trees in which said ones of communication paths can be 
accommodated. 

[Claim 3] 

A circuit for designing a tree-structured communication path for a 
communications network which comprises an egress node from which 
communication traffic is delivered, a plurality of ingress nodes to which said 
communication traffic is entered, and a transit node for repeating the 
communication traffic from said ingress node to said egress node, and a 
plurality of communication links for interconnecting said ingress, transit and 
egress nodes, said designing circuit determining a tree- structured 
communication path that accommodates all existing paths when a path is 
given between an ingress node and an egress node, characterized by: 

tree defining means for defining a constraint equation for causing all 
candidate tree graphs to form a tree; 

path accommodating means for defining a constraint equation for 
accommodating said communication paths in one of said candidate tree graphs; 

artificial variable embedding means for embedding non-negative artificial 
variables into said constraint equations defined by said tree defining means and 
said path accommodating means; 

realizability decision threshold generating means for defining an 
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objective function for minimizing a total number of said non-negative artificial 
variables; and 

optimizing means for solving a compound integer programming problem 
formed by said objective function, and said constraint equations defined by said 
tree defining means and said path accommodating means to obtain a plurality of 
trees in which said communication paths can be accommodated. 

[Claim 4] 

A circuit for designing a tree-structured communication path for a 
communications network which comprises an egress node from which 
communication traffic is delivered, a plurality of ingress nodes to which said 
communication traffic is entered, and a transit node for repeating the 
communication traffic from said ingress node to said egress node, and a 
plurality of communication links for interconnecting said ingress, transit and 
egress nodes, said designing circuit determining a tree-structured 
communication path that accommodates all existing paths when a path is 
given between an ingress node and an egress node, characterized by: 

existing path accommodating means for accommodating said given 
tree in said existing tree; 

path accommodating equation generating means for defining a 
constraint equation for accommodating ones of said communication paths 
which cannot be accommodated in said existing tree in one of said candidate 
tree graphs; 

tree defining equation generating means for defining a constraint 
equation for causing all of said candidate tree graphs to form a tree; 

artificial variable embedding means for embedding non-negative 
artificial variables into said constraint equations formed by said path 
accommodating means and said tree defining means; 

realizability decision threshold generating means for defining an 
objective function for minimizing a total number of said non-negative artificial 
variables; and 

optimizing means for solving a compound integer programming 
problem formed by said objective function, and said constraint equations 
formed by said path accommodating means and said tree defining equation 
generating equation generating means to obtain a plurality of trees in which 
said ones of communication paths can be accommodated. 

[Claim 5] 

A method of designing a tree-structured communication path for a 
communications network which comprises an egress node from which 
communication traffic is delivered, a plurality of ingress nodes to which said 
communication traffic is entered, and a transit node for repeating the 
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communication traffic from said ingress node to said egress node, and a 
plurality of communication links for interconnecting said ingress, transit and 
egress nodes, said designing circuit determining a tree-structured 
communication path that accommodates all possible paths between a given 
ingress node and a given egress node, characterized by the steps of: 

generating an object function that minimizes the number of candidate 
tree graphs for accommodating said paths; 

generating a constraint equation for causing all of said candidate tree 
graphs to form a tree; 

generating a constraint equation for accommodating said 
communication paths in one of said candidate tree graphs; 

defining a constraint equation for determining whether each of said 
candidate tree graphs is used to accommodate said communication paths; and 

solving a compound integer programming problem formed by said 
objective function, and said constraint equations to obtain a plurality of trees in 
which said communication paths can be accommodated. 

[Claim 6] 

A method of designing a tree-structured communication path for a 
communications network which comprises an egress node from which 
communication traffic is delivered, a plurality of ingress nodes to which said 
communication traffic is entered, and a transit node for repeating the 
communication traffic from said ingress node to said egress node, and a 
plurality of communication links for interconnecting said ingress, transit and 
egress nodes, said designing circuit determining a tree-structured 
communication path that accommodates all paths when existing paths are 
given and a path is given between an ingress node and an egress node, 
characterized by the steps of: 

accommodating said existing path in an existing tree-structured 
communication path; 

generating an objective function that minimizes the number of candidate 
tree graphs that accommodate ones of said communication paths which cannot 
be accommodated in said existing tree; 

defining a constraint equation for causing all of said candidate tree 
graphs to form a tree; 

defining a constraint equation for accommodating said ones of 
communication paths in one of said candidate tree graphs; 

defining a constraint equation for determining whether each of said 
candidate tree graphs is used to accommodate at least one of said communication 
paths; and 

solving a compound integer programming problem formed by said 
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objective function, and said constraint equations to obtain a plurality of trees in 
which said ones of communication paths can be accommodated. 
[Claim 7] 

A method of designing a tree-structured communication path for a 
communications network which comprises an egress node from which 
communication traffic is delivered, a plurality of ingress nodes to which said 
communication traffic is entered, and a transit node for repeating the 
communication traffic from said ingress node to said egress node, and a 
plurality of communication links for interconnecting said ingress, transit and 
egress nodes, said designing circuit determining a tree-structured 
communication path that accommodates all existing paths when a path is 
given between an ingress node and an egress node, characterized by the steps 
of: 

defining a constraint equation for causing all candidate tree graphs to 
form a tree; 

defining a constraint equation for accommodating said communication 
paths in one of said candidate tree graphs; 

embedding non-negative artificial variables into said constraint equations 
defined by said tree defining means and said path accommodating means; 

defining an objective function for minimizing a total number of said 
non-negative artificial variables; and 

solving a compound integer programming problem formed by said 
objective function, and said constraint equations to obtain a plurality of trees in 
which said communication paths can be accommodated. 

[Claim 8] 

A method of designing a tree-structured communication path for a 
communications network which comprises an egress node from which 
communication traffic is delivered, a plurality of ingress nodes to which said 
communication traffic is entered, and a transit node for repeating the 
communication traffic from said ingress node to said egress node, and a 
plurality of communication links for interconnecting said ingress, transit and 
egress nodes, said designing circuit determining a tree- structured 
communication path that accommodates all existing paths when a path is 
given between an ingress node and an egress node, characterized by: 

accommodating said given tree in said existing tree; 

defining a constraint equation for accommodating ones of said 
communication paths which cannot be accommodated in said existing tree in 
one of said candidate tree graphs; 

defining a constraint equation for causing all of said candidate tree 
graphs to form a tree; 
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embedding non-negative artificial variables into said constraint 
equations formed by said path accommodating means and said tree defining 
means; 

defining an objective function for minimizing a total number of said 
non-negative artificial variables; and 

solving a compound integer programming problem formed by said 
objective function, and said constraint equations formed by said path 
accommodating means and said tree defining means to obtain a plurality of 
trees in which said ones of communication paths can be accommodated. 

[Claim 9] 

A computer-readable storage medium recording a program of 
designing a tree-structured communication path for a communications 
network is determined which comprises an egress node from which 
communication traffic is delivered, a plurality of ingress nodes to which said 
communication traffic is entered, and a transit node for repeating the 
communication traffic from said ingress node to said egress node, and a 
plurality of communication links for interconnecting said ingress, transit and 
egress nodes, said designing circuit determining a tree-structured 
communication path that accommodates all possible paths between a given 
ingress node and a given egress node, wherein said program is characterized 
by the steps of: 

generating an object function that minimizes the number of candidate 
tree graphs for accommodating said paths; 

generating a constraint equation for causing all of said candidate tree 
graphs to form a tree; 

generating a constraint equation for accommodating said 
communication paths in one of said candidate tree graphs; 

defining a constraint equation for determining whether each of said 
candidate tree graphs is used to accommodate said communication paths; and 

solving a compound integer programming problem formed by said 
objective function, and said constraint equations to obtain a plurality of trees in 
which said communication paths can be accommodated. 

[Claim 10] 

A computer-readable storage medium recording a program of 
designing a tree-structured communication path for a communications 
network is determined which comprises an egress node from which 
communication traffic is delivered, a plurality of ingress nodes to which said 
communication traffic is entered, and a transit node for repeating the 
communication traffic from said ingress node to said egress node, and a 
plurality of communication links for interconnecting said ingress, transit and 
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egress nodes, said designing circuit determining a tree-structured 
communication path that accommodates all paths when existing paths are 
given and a path is given between an ingress node and an egress node, 
wherein said program is characterized by the steps of: 

accommodating said existing path in an existing tree-structured 
communication path; 

generating an objective function that minimizes the number of candidate 
tree graphs that accommodate ones of said communication paths which cannot 
be accommodated in said existing tree; 

defining a constraint equation for causing all of said candidate tree 
graphs to form a tree; 

defining a constraint equation for accommodating said ones of 
communication paths in one of said candidate tree graphs; 

defining a constraint equation for determining whether each of said 
candidate tree graphs is used to accommodate at least one of said communication 
paths; and 

solving a compound integer programming problem formed by said 
objective function, and said constraint equations to obtain a plurality of trees in 
which said ones of communication paths can be accommodated. 

[Claim 11] 

A computer-readable storage medium containing a program of 
designing a tree-structured communication path for a communications 
network is determined which comprises an egress node from which 
communication traffic is delivered, a plurality of ingress nodes to which said 
communication traffic is entered, and a transit node for repeating the 
communication traffic from said ingress node to said egress node, and a 
plurality of communication links for interconnecting said ingress, transit and 
egress nodes, said designing circuit determining a tree- structured 
communication path that accommodates all existing paths when a path is 
given between an ingress node and an egress node, wherein said program is 
characterized by the steps of: 

defining a constraint equation for causing all candidate tree graphs to 
form a tree; 

defining a constraint equation for accommodating said communication 
paths in one of said candidate tree graphs; 

embedding non-negative artificial variables into said constraint equations 
defined by said tree defining means and said path accommodating means; 

defining an objective function for minimizing a total number of said 
non-negative artificial variables; and 

solving a compound integer programming problem formed by said 
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objective function, and said constraint equations to obtain a plurality of trees in 
which said communication paths can be accommodated. 
[Claim 12] 

A computer-readable storage medium of designing a tree-structured 
communication path for a communications network is determined which 
comprises an egress node from which communication traffic is delivered, a 
plurality of ingress nodes to which said communication traffic is entered, and a 
transit node for repeating the communication traffic from said ingress node to 
said egress node, and a plurality of communication links for interconnecting 
said ingress, transit and egress nodes, said designing circuit determining a 
tree-structured communication path that accommodates all existing paths 
when a path is given between an ingress node and an egress node, wherein 
said program is characterized by the steps of: 

accommodating said given tree in said existing tree; 

defining a constraint equation for accommodating ones of said 
communication paths which cannot be accommodated in said existing tree in 
one of said candidate tree graphs; 

defining a constraint equation for causing all of said candidate tree 
graphs to form a tree; 

embedding non-negative artificial variables into said constraint 
equations formed by said path accommodating means and said tree defining 
means; 

defining an objective function for minimizing a total number of said 
non- negative artificial variables; and 

solving a compound integer programming problem formed by said 
objective function, and said constraint equations formed by said path 
accommodating means and said tree defining means to obtain a plurality of 
trees in which said ones of communication paths can be accommodated. 
[DETAILED DESCRIPTION OF THE INVENTION] 

[0001] 

[Technological Field of the Invention] 

The present invention relates to a design technique for a 
tree-structured communication links and more specifically to a design 
technique for designing a tree-structure communication path in which the 
number of trees is minimized when all given paths are accommodated 
between an ingress node and an egress node. 

[0002] 

[Prior Art] 

Communication by establishing a path in a communications network 
between an ingress node and an egress and sending a packet over the 
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established path is a well-known technique available in the form of the virtual 
channel (VC) or virtual path (VP) of asynchronous transfer mode (ATM) 
system, and the label switched path (LSP) of multiprotocol label switching 
(MPLS) (A framework for Multiprotocol Label Switching Architecture, 
http/ / www.ietf.org/ internet- drafts/ draft-ietf-mpls-framework-02.txt). 
[0003] 

This mode of communication needs at least one path to be established 
between an ingress node where the demand is generated and an egress node. 
In order for the network to find an alternate path for a failure in a network 
node or a network link, it is necessary to define a set of paths which do not 
share the same nodes and links. In addition, multiple paths need to be 
established between an ingress node and an egress node to avoid 
concentration of traffic on a particular node or link. 

[0004] 

However, to establish multiple paths between all ingress nodes and all 
egress nodes a great number of VPIs and VCIs would be required in the case of 
ATM and a great number of labels would also be required in the case of MPLS 
systems. 

[0005] 

In the case of ATM systems, a technique known as VP merge or VC 
merge is used, which involves the use of the same VPI and VCI for a 
multipoint-to-point communication between a plurality of ingress nodes to a 
single egress node ("A Framework for Multiprotocol Label Switching 
Architecture", http: / / www . Ietf. org/ internet-drafts/ draf t-ietf-mpls- 
framework-02.txt). In the case of MPLS, a similar technique is used for a 
multipoint-to-point communication in which the same label is used between a 
plurality of ingress nodes and a single egress node ('TP Navigator MPLS 
Executive Overview", Ascend White Paper, http:/ / www.ascend.com/ docs/ 
Techdocs/ ipnavwp.pdf). 

[0006] 

Using the same VPI/ VCI or label for a multipoint-to-point 
communication indicates that the transmission in the opposite direction is a 
transmission through a tree structure from a root node. It is necessary to 
provide a tree structure that requires a small number of VPIs and VCIs while 
meeting the requirements that there be at least one pair of paths that do not 
share the same link or node and that there be a plurality of paths to avoid 
traffic concentration. 

[0007] 

Another method of forming a network of tree structure involves the 
use of the Dijkstra principle as described in Optimizing Handbook, Iri, Konno, 
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Tone, Asakura Book Company. The Dijkstra method is one that makes a 
search for a shortest distance from a source point to every other apex of the 
tree. By starting the search for a shortest path from the egress node to every 
ingress node, a network of tree structure can be built. 
[0008] 

Another method of building a tree structured network is the minimum 
spanning tree method (described in Graph Theory, Iri, Shirakawa, Kajiya, 
Shinoda, Corona Book Company). The minimum spanning tree is a tree 
where the total sum of the weights of its metrics is at a minimum. The 
Krustal method can be used to build a minimum spanning tree. 

[0009] 

[Problems Solved by the Invention] 

The prior art method builds only one tree structured network given a 
network topology. For this reason, there is only one path between an ingress 
node and an egress node. It is thus impossible to provide a pair of paths not 
sharing the same node or link as an alternate path for routing the traffic 
around a failed point and further impossible to provide a plurality of paths for 
balancing traffic loads. 

[0010] 

[Object of the Invention] 

The present invention has the object of providing a technique for 
designing a tree structured communication medium that can accommodate 
given paths with a minimum number of trees. More specifically, the present 
invention provides a pair of paths not sharing the same node or link as an 
alternate path for routing the traffic around a failed point and further 
impossible to provide a plurality of paths for balancing traffic loads, while the 
number of trees is kept at a minimum. 

[0011] 

Another object of the present invention is to provide a technique for 
designing a tree structured communication medium that can accommodate 
given paths. More specifically, the present invention provides a pair of paths 
not sharing the same node or link as an alternate path for routing the traffic 
around a failed point and further impossible to provide a plurality of paths for 
balancing traffic loads. 

[0012] 

[Means for Solving the Problems] 

The design circuit of the present invention designs a first 
tree-structured path by setting a compound integer programming problem 
that can accommodate a communication path of minimum number of trees 
between a given ingress node and a given egress node, and solving the 
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problem. More specifically, there are provided optimizing threshold 
generating means (101, Fig. 1) for generating an object function that minimizes 
the number of tree graphs for accommodating said paths, tree defining 
equation generating means (102, Fig. 1), path accommodating equation 
generating means (103, Fig. 1), tree utilization check equation generating 
means (104, Fig. 1) and optimizing means (105, Fig. 1) for solving a compound 
integer programming problem formed by these means. 
[0013] 

The design circuit of the present invention designs a second 
tree-structured path by accommodating an existing tree-structured 
communication path between a given ingress node and a given egress node, and 
then setting a compound integer programming problem with respect to those 
paths where said existing path cannot be accommodated for accommodating a 
tree-structured communication path of a minimum number of trees and solves 
the compound integer programming problem. More specifically, there are 
provided existing path accommodating means (501, Fig. 5) for accommodating 
said existing path in an existing tree-structured communication path, optimizing 
threshold generating means (502, Fig. 5) for generating a compound integer 
programming problem that minimizes the number of trees that accommodate 
ones of said communication paths which cannot be accommodated in said 
existing tree, tree defining equation generating means (503, Fig. 5), path 
accommodating means (504, Fig. 5), tree utilization check equation generating 
means (505, Fig. 5), and optimizing means (506, Fig. 5) for solving the compound 
integer programming problem. 

[0014] 

The design circuit of the present invention designs a third tree-structured 
tree-structured path by accommodating an existing tree- structured 
communication path between a given ingress node and a given egress node, and 
then setting a compound integer programming problem with respect to those 
paths where said existing path cannot be accommodated for accommodating a 
tree-structured communication path of a minimum number of trees and solves 
the compound integer programming problem. More specifically, there are 
provided realizability decision threshold generating means (801, Fig. 8) for 
generating this compound integer programming problem, tree defining threshold 
generating means (802, Fig. 8), path accommodating means (803, Fig. 8), artificial 
variable embedding means (804, Fig. 8) and optimizing means (805, Fig. 8) for 
solving the compound integer programming problem. 

[0015] 

The design circuit of the present invention designs a fourth 
tree-structured path by accommodating an existing tree- structured 
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communication path between a given ingress node and a given egress node, and 
then setting a compound integer programming problem with respect to those 
paths where said existing path cannot be accommodated for accommodating a 
tree-structured communication path of a minimum number of trees and solves 
the compound integer programming problem. More specifically, there are 
provided existing path accommodating means (1101, Fig. 11) for accommodating 
said existing path in an existing tree-structured communication path, realizability 
decision threshold generating means (1102, Fig. 11) for generating this compound 
integer programming problem, tree defining equation generating means (1103, 
Fig. 11), path accommodating means (1104, Fig. 11), artificial variable embedding 
means (1105, Fig. 11) and optimizing means (1106, Fig. 11) for solving the 
compound integer programming problem. 
[0016] 

A compound integer programming problem is generated for 
accommodating all possible paths in a minimum number of tree structured 
communication path by using the optimizing threshold generating means, the 
tree defining equation generating means, the path accommodating equation 
generating means, and the tree utilization check equation generating means 
and the optimizing means is used to solve the compound integer 
programming problem. 

[0017] 

In addition, a compound integer programming problem is generated 
for accommodating all possible paths in a minimum number of tree structured 
communication path by using the realizability decision threshold generating 
means, the tree defining equation generating means, the path accommodating 
equation generating means, and the artificial variable embedding means and 
the optimizing means is used to solve the compound integer programming 
problem. 

[0018] 

Furthermore, the existing path tree accommodating means is used 
accommodate the path between the ingress node and the egress node which 
are given to existing trees. 

[0019] 

[Mode of Implementation of the Invention] 

The following is a description of a mode of implementation of the 
present invention with threshold to the accompanying drawings. 
[0020] 

Fig. 2 illustrates one example of the network on which the design 
technique of the present invention is applied. In the present invention, the 
network is represented by a directed graph. If the present invention is used 
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for designing a network represented by a non-directed graph, the network is 
treated link-by-link basis. 
[0021] 

The node of a communications network to which user traffic is entered 
is called an ingress node and the node through which the traffic exits from the 
network is called an egress node, and a node that can function both as an 
ingress node and an egress node is called a terminal node. In Fig. 2, nodes e± 
through node e 10 are terminal nodes. Nodes that neither act as ingress or 
egress nodes are called a transit node. In Fig. 2, nodes c x through c 5 are 
transit nodes. Furthermore, a directed link exists between any pair of nodes. 
In Fig. 2, there is one non-directed line. This line means that a bidirectional 
link exists in the network. A link between nodes e 5 and node C3, for example, 
is designated as link (e 5 , c 3 ). In Fig. 2, a tree is represented by a set of 
arrow-headed thick lines of the same attribute. In this example, only those 
thick lines necessary for disclosure are illustrated. In Fig. 2, three types of 
tree t x , t 2 and t 3 are shown. A communication path is represented by a 
concatenation of node indicators. For example, a path that extends through 
nodes e 7 , C5, Ci and e± is designated as e 7 - c 5 - c 1 - e^ 

[0022] 

The following is a description of the network design method of the 
present invention, using node e 1 as an egress node, for establishing two paths 
e 7 - c 5 - c T - e 1 and e 7 - c 4 - c 3 - c 2 - e 1 from node e 7 to node e^ It is seen that 
these paths can be accommodated in trees t 1 and t 2 . Further, if paths e 5 - c 4 - 
c 3 - e 1 and e 5 - c 3 - c 4 - Ci - e 1 are established from node e 5 to node e l7 it is seen 
that these paths can be accommodated in trees t 2 and t 2 as in the first example. 
If paths e 3 - c 2 - ei and e 3 - c 3 - c 4 - Ci - ei are established from node e 3 to node 
e x , it is seen that the path e 3 - c 2 - ei can be accommodated in tree t 2 but the 
path e 3 - c 3 - c 4 - c a - e 1 can not be accommodated in either tree t x or t 2 . For 
accommodating the path e 3 - c 3 - c 4 - c a - e^ a tree t 3 is generated. In the last 
example, three trees are used. 

[0023] 

The following is a definition of the terms and symbols used in the 
present invention. 
[0024] 

First comes the definition of a candidate tree graph. In the 
communications network of interest, a candidate tree graph is represented by 
an egress node, a plurality of ingress nodes and all transit nodes and links 
interconnecting these nodes, and those links that are reachable from any of the 
ingress nodes to the egress node. In the present invention, this tree candidate 
graph accommodates given paths and a compound integer programming 
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problem is set and solved. 
[0025] 

The following is a definition of symbols of sets and elements. 
[0026] 

e : egress node; 

T e : a set of candidate tree graphs at the egress node e; 
N core : a set of transit nodes; 
N^ 66 : a set of terminal nodes; 

L c c : a set of links interconnecting transit nodes, where each element is 
represented by (1, m), where 1 is a source node and m is a destination node. 

L e c : a set of links interconnecting terminal nodes and transit nodes, 
where each element is represented by (1, m), where 1 is a source node and m is 
a destination node. One of the elements (1, m) is a transit node and the other 
is a terminal node; 

P(i e ) : a set of paths between an ingress node i and an egress node e, 
where each element is represented by p^ e y, and 

L p ^' e ^ : a set of links used on a path p(i, e). 

[0027] 

The following is a definition of variables. 
[0028] 

r te : a 0-1 variable that equals 1 when the candidate tree graph t e of 
egress node e is used to accommodate a path; otherwise 0; 

h te (l,m) : a 0-1 variable that equals 1 when candidate tree graph t e uses 
link (1, m); otherwise 0; 

f te (1 m) : a real number representing a volume of traffic that flows 
through link (1, m) at the candidate tree graph t e , where the flow corresponds 
to what is defined in the literature "Optimizing Handbook", Iri, Konno, and 
Tone, the Asakura Book Company; and 

5 te p(i e ) : a 0-1 variable that is equal to 1 when the candidate tree graph 
t e contains a pth p^ e ); otherwise 0. 

[0029] 

Finally, constants are defined as follows. 
[0030] 

0(i e ) : a constant that assumes 1 if a link (1, e) exists that connect a 
transit node 1 and an egress node e; otherwise 0. 
M : a large arbitrary value. 
[0031] 

The following is a description of a first embodiment of the present 
invention. 

[0032] 
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Fig. 1 is a block diagram of a design circuit for designing a tree 
structured transmission channel according to a first mode of implementation 
of the present invention. The design circuit comprises a computer 100 
including an optimizing threshold generating means 101, a tree defining 
equation generating means 102, a path accommodating equation generating 
means 103, a tree utilization check equation generating means 104 and an 
optimizing means 105. A keyboard 106, a display unit and output device 107 
and a storage medium 108 are connected to the computer 100. 

[0033] 

Storage medium 108 may be a floppy disk, a read-only memory or any 
other types of store. Storage medium 108 is used to store a program for 
enabling the computer 100 to function as a design circuit for designing a tree 
structured communication channel. This program is read by the computer 
100 to control its function so that the optimizing threshold generating means 

101, the tree defining equation generating means 102, the path accommodating 
equation generating means 103, the tree utilization check equation generating 
means 104 and the optimizing means 105 are implemented. 

[0034] 

Fig. 3 is a flowchart of one example of the operation of the optimizing 
threshold generating means 101, the tree defining equation generating means 

102, the path accommodating equation generating means 103, the tree 
utilization check equation generating means 104 and the optimizing means 105 
according to the first mode of implementation of the present invention. 

[0035] 

First, there are given, as input data to the computer 100 by using the 
input device 106, a network topology comprising terminal nodes, transit nodes 
and interconnecting links, the node identifier of an egress node, a set of paths 
between ingress nodes and the egress node, and the number of candidate tree 
graphs. If the number of candidate tree graphs is relatively small, it is 
possible that all the given paths cannot be accommodated. The number of 
candidate tree graphs may be determined repeatedly on a trial-and-error basis. 

[0036] 

Optimizing threshold generating means 101 uses the input data to 
generate an object function according to Equation (1) given below (see step 301, 
Fig. 3). 

[0037] 



Minimize r te 
[0038] 



(1) 
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Equation (1) is the object function that minimizes the number of 
candidate tree graphs which will be used to accommodate the given paths. 
[0039] 

Next, the tree defining equation generating means 102 generates a first 
constraint equation necessary to enable the candidate tree graphs to form a 
tree, i.e., the constraint that concatenate the candidate tree graphs, and a 
second constraint equation necessary to enable the candidate tree graphs to 
form links whose number is equal to (the number of nodes minus one) (see 
step 302, Fig. 3). 

[0040] 

First, the concatenating constraint equation is generated. In order for 
the candidate tree graphs to form a concatenation, a network flow is formed by 
setting the egress node as an inlet port and setting the ingress and transit 
nodes as outlet ports. The following is a description of constraint equations 
(2), (3) and (4). 

[0041] 

X f (£n) = 1 < Vt e e T e , W e N ed « e \{e}) (2) 
jm:(l,m)eL e_c J 

[0042] 

X f fcn>- X fo£j)+°0.e)f&) 

|m:(l,m)eL c_c } fm:(l,m)eL c_c } 



jm:(m,l)eL e C J 
[0043] 



f (m4) =1 (Vt e GT e ^€N core ) (3) 



+|N core |-l (Vt e eT) (4) 



x fe=r dge , , 

jl:(U)eL e - c } 
[0044] 

Constraint equation (2) indicates that ingress nodes are functioning as 
outlet nodes where traffic flows out. Constraint equation (3) indicates that 
transit nodes are functioning as outlet ports where traffic flows out. 
Constraint equation (4) indicates a total of traffic volumes I N edge I + I N core I - 
1 carried by the egress node functioning as an inlet port where traffic flows in 
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and by the ingress and transit nodes functioning as outlet ports. 
[0045] 

Next, a constraint equation (5) for setting the number of links equal to 
(the number of nodes minus 1) is created. 
[0046] 



{(l,m)eL c - c } {l:(l,e)eE e_c } 



& - 



N 



core 



-1 



(5) 



leN edge\ {e} | m:(lm)eE e-cj 
[0047] 

While the constraint equations (2) to (4) use the variable f t6 (i m ) for 
concatenation, the constraint equation (5) uses the variable h te ^ m ). It is thus 
necessary to establish correlation between these variables according to the 
following manner. 



[0048] 

(l,m) (l,m) 
[0049] 

Mh (U)^ f ae) 



(Vt e eT e ,V(l,m)eL c - c ) 



(Vt e eT e ,V(l,e)eL e - c ) 



(6) 



(7) 



[0050] 

Mhff m v > f> m v 
(l,m) (l,m) 



(Vt e € T e , V(U) e L e " c , VI e N ed § e \{e}) (8) 



[0051] 

Constraint equation (6) correlates the variables associated with the 
links interconnecting the transit nodes. Constraint equation (7) correlates the 
variables associated with the links connecting the transit nodes to the egress 
node, and the constraint equation (8) correlates the variables associated with 
the links connecting the ingress nodes to the transit nodes. 

[0052] 

Note that in the constraint equations (2) and (3), the fourth term uses 
the variables f te (i /m ) and f te < m/ i)/ these variables can be replaced with h te (i m j and 
h te (m jy respectively, to delete equation (8). Constraint equation (5) can be 
rewritten as follows: 



[0053] 



n (lm) 



{am)GL c " c } {l:(l,e)eE e - c } 



h (U) 



core 



(Vt e eT e ) 



(9) 
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[0054] 

Next, the path accommodating equation generating means 103 defines 
the following constraint equations (10) and (11) for accommodating the given 
paths (see step 303, Fig. 3). 

[0055] 



(l,m)€{LP^ e >nL c - c } (l,m)€{LP(^ e ^L e - c } 

> | L Pae)| S te. e) ( p(i e) € p ( . e>i e N edge\ {e} te € ^ j (1Q) 



[0056] 

X 8^ e) > i ( V p(i,e) g P (i , e) , Vi g N\{e}) (11) 

l e eT e 
[0057] 

Constraint equation (10) means that if the addition of the 
link-associated variable h te (1 m) used by the path p (i e ) equals the hop count 
number of p(i, e), the paths are accommodated in the candidate tree graph t e . 
Constraint equation (11) indicates that all the given paths are accommodated 
in either of the candidate tree graphs. 

[0058] 

Next, the tree utilization check equation generating means 104 defines 
the following constraint equation (12) for making a decision in which of the 
candidate tree graphs the given path is accommodated (see step 304, Fig 3). 

[0059] 

S X S&e)* Mrte (Vt e eT e ) (12) 

i€N edge\ {e} P ae)Gp( i,e) 

[0060] 

Constraint equation (12) indicates that if any one of the candidate tree 
graphs t e is used for accommodating a path, r te is set equal to 1. 
[0061] 

Finally, the optimizing means 105 solves the compound integer 
programming problem generated by the optimizing threshold generating 
means 101, the tree defining equation generating means 102, the path 
accommodating equation generating means 103 and the tree utilization check 
equation generating means 104 by using the simplex method described in the 
aforesaid "Optimizing Handbook" to obtain a tree structured communication 
channel with a minimum number of trees (see step 305, Fig 3). Note that if 
there is more than one egress node, the present invention is applied to each of 
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these egress nodes. 
[0062] 

The following is a description of a second mode of implementation of 
the present invention. This second mode is implemented by operating the 
optimizing threshold generating means 101, the tree defining equation 
generating means 102, the path accommodating equation generating means 
103, the tree utilization check equation generating means 104 and the 
optimizing means 105 of Fig. 1 according to steps 401, 402, 403, 404 and 405 of 
the flowchart of Fig 4, the difference between the first and the second modes of 
implementation being the tree defining equation generating means 102 
performing step 402 in a different manner from the first embodiment. 
Therefore, the following description is only concerned with the operation of 
the tree defining equation generating means 102 according to step 402. 

[0063] 

Tree defining equation generating means 102 generates constraint 
equations (step 402, Fig. 4) necessary for the candidate tree graphs to become 
trees, i.e., necessary to concatenate the candidate tree graphs and further 
generates constraint equations that are necessary for each ingress node and 
transit nodes to operate as a source node by using a single link. 

[0064] 

First, constraint equations for concatenation identical to Equations (2) 
to (4) of the previous embodiment are generated. 
[0065] 

Then, the following equations (13) and (14) are generated for the 
ingress nodes and the transit nodes to use only one link when they act as a 
source node. 

[0066] 

X h Ei e m) = 1 ( W€ N ed § e \{e}, Vte e T e ) (13) 
m:(l,m)eL c ~ c 
[0067] 

X h;U + o ae) hff e) = 1 (v^N core ,Vt e eT e ) (14) 

m:(l,m)eL c ~ c 
[0068] 

Constraint Equation (13) is associated with the ingress nodes and 
constraint Equation (14) is associated with the transit nodes. Being identical 
to constraint Equation (2), Equation (13) can be omitted. In such a case, it is 
not necessary to consider that transit nodes operate as an outlet node and the 
following equation can be used. 
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[0069] 

X f 0?m)- X f (ll) +0 (U)f(l%) 

m:(l,m)eL c_c m:(m,l)GL c ~ c 

X, h (m,l) = 0 (WeT e ,^N core ) (15) 
m:(m,l)€L e " c 
[0070] 

The following is a description of a third mode of implementation of the 
present invention. In this embodiment, trees that are already generated are 
defined as "existing trees". 

[0071] 

Fig. 5 is a block diagram of a circuit according to the third embodiment of 
the present invention for designing a tree structured communication channel. 
The design circuit of this embodiment comprises an existing path accommodating 
means 501, an optimizing threshold generating means 502, a tree defining 
equation generating means 503, a path accommodating means 504, a tree 
utilization check equation generating means 505, and an optimizing means 506, a 
computer 500, an input device 507, and an output device 508 including a display 
unit, and a storage medium 509. 

[0072] 

Storage medium 509 may be a floppy disk, a read-only memory or any 
other types of store. Storage medium 509 is used to store a program for 
enabling the computer 100 to function as a design circuit for designing a tree 
structured communication channel. This program is read by the computer 
500 to control its function so that the existing path accommodating means 501, 
the optimizing threshold generating means 502, the tree defining equation 
generating means 503, the path accommodating means 504, the tree utilization 
check equation generating means 505, and the optimizing means 506 are 
implemented. 

[0073] 

Fig. 6 is a flowchart of one example of the operation of the existing 
path accommodating means 501, the optimizing threshold generating means 
502, the tree defining equation generating means 503, the path accommodating 
means 504, the tree utilization check equation generating means 505, and the 
optimizing means 506 according to the third embodiment of the present 
invention. 

[0074] 

First, there are given, as input data to the computer 500 by using the 
input device 507, a network topology comprising terminal nodes, transit nodes 
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and interconnecting links, the node identifier of an egress node, a set of paths 
between ingress nodes and the egress node, and a set of candidate tree graphs 
and a set of existing trees. 
[0075] 

Existing path accommodating means 501 makes a decision whether 
given paths can be accommodated in existing trees (step 601, Fig. 6). 
[0076] 

A set of existing trees is defined as T* e . There is further defined a 
constant j ^ m j which assumes 1 when an existing tree t e e T* e uses a link (1, 
m); otherwise 0. The decision as to whether a path p^ e > can be 
accommodated in an existing tree t e is performed according to the following 
equation (16). 

[0077] 

X J(Um) + X khm) 

£ Ja% = | LPae) | (16) 

am) € {LP^ e >nL e - c } 
[0078 

This decision process is performed on all of the existing trees t e e T* e . 
If one of the decisions meets Equation (16), it means that the path P(i /e ) can be 
accommodated in the existing tree. 

[0079] 

The decision is performed on all paths whether they can be 
accommodated in existing trees. If it is determined that all the paths can be 
accommodated in the existing trees, the routine is terminated. Otherwise, 
flow proceeds to step where new trees that can accommodate such 
un-accommodated paths are created (see step 602, Fig. 6). 

[0080] 

Steps 603 to 607 of Fig. 6 are respectively identical to steps 301 to 305 of 
Fig. 3 of the first embodiment except that the processed input data are the 
paths that cannot be accommodated in the existing trees. 

[0081] 

The following is a description of a fourth mode of implementation of 
the present invention. As shown in Fig. 5, the design circuit of this 
embodiment comprises an existing path accommodating means 501, an 
optimizing threshold generating means 502, a tree defining equation 
generating means 503, a path accommodating means 504, a tree utilization 
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check equation generating means 505, and an optimizing means 506. These 
means are implemented by executing steps 701 to 707 of Fig. 7. Note that the 
fourth embodiment differs from the third embodiment only with respect to 
step 704 that implements the tree defining equation generating means 503. 
Therefore, the description is only concerned with the operation of the tree 
defining equation generating means 503. 
[0082] 

Tree defining equation generating means 503 generates constraint 
equations necessary for the candidate tree graphs to form a tree and constraint 
equations necessary for the candidate tree graphs to concatenate each other 
and a constraint equation that each ingress node and the transit node use only 
one link when then operate as a source node (see step 704, Fig 7). Note that 
step 704 is identical to step 402 of Fig. 4. 

[0083] 

The following is a description of a fifth mode of implementation of the 
present invention. 
[0084] 

An artificial value is first defined. The artificial variable is a 
non-negative variable added to the left side of each constraint equation when a 
linear programming problem is represented by a threshold system. A total 
sum of artificial variables is minimized by an object function. When a 
problem in which an object function is set for minimizing the total sum of 
artificial variables is called a realizability decision problem. If the solution of 
the realizability decision problem is 0, the problem is one that can be solved by 
the simplex method (as described in the aforesaid "Optimizing Handbook"). 

[0085] 

Fig. 8 is a block diagram of the design circuit of the fifth embodiment. 
This design circuit is comprised of a computer 800 including a realizability 
decision threshold generating means 801, a tree defining equation generating 
means 802, a path accommodating equation generating means 803, an artificial 
variable embedding means 804 and an optimizing means 805, an input device 
806 including a keyboard, an output device 807 including a display unit and a 
storage medium 808. 

[0086] 

Storage medium 808 may be a floppy disk, a read-only memory or any 
other types of store. Storage medium 808 is used to store a program for 
enabling the computer 800 to function as a design circuit for designing a tree 
structured communication channel. This program is read by the computer 
800 to control its function so that the realizability decision threshold generating 
means 801, the tree defining equation generating means 802, the path 
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accommodating equation generating means 803, an artificial variable 
embedding means 804 and an optimizing means 805, an input device 806 
including the keyboard, an output device 807 including the display unit and 
the storage medium 808 are implemented. 
[0087] 

Fig. 9 is a flowchart of the operation of the design circuit of the fifth 
embodiment. The following is a description of the flowchart of Fig. 9. 
[0088] 

The following description proceeds in the order of tree defining 
equation generating means 802, path accommodating equation generating 
means 803, artificial variable embedding means 804, realizability decision 
threshold generating means 801, and optimizing means 805. 

[0089] 

Tree defining means 802 and path accommodating equation generating 
means 803 operate in the same manner as the tree defining equation generating 
means 102 and the path accommodating equation generating means 103 of the 
first embodiment (see steps 902, 903, Fig. 9). 

[0090] 

Artificial variable embedding means 804 embeds artificial variables 
into each of the constraint equations (see step 904, Fig. 9). For all of the 
constraint equations formed by the tree defining equation generating means 
802 and the path accommodating equation generating means 803, coefficient 
matrices a k , variable vectors x k , coefficient vectors c k are established, where k 
represents the constraint equation. Artificial variable vectors y k are also 
defined. If the k-th constraint equation is represented by an equality symbol, 
the equation in which the artificial variable is embedded is rewritten as 
Equation (17). 

[0091] 

*k x + Yk = c k (17) 
[0092] 

In this way, the artificial variable embedding means 804 inserts 
artificial variables into all constraint equations. 
[0093] 

Realizability decision threshold generating means 801 generates an 
object function that minimizes the total sum of artificial variables (see step 901, 
Fig. 9). This is the threshold for making a realizability test. If the object 
function is 0, it is determined that this problem is executable (realizable). 

[0094] 

If the result obtained by the optimizing means 805 indicates that the 
object function is zero, this problem is executable and a tree-structured 
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communication channel that can accommodate given paths can be obtained 
(see step 905, Fig 9). 
[0095] 

If the object function is of a non-zero value, it is determined that a 
tree-structured communication channel that can accommodate all the given 
paths cannot be obtained within the range of the given candidate tree graphs. 

[0096] 

In an alternative embodiment, the artificial variable embedding means 
804 may add artificial variables into arbitrary constraint equations, rather than 
into all the constraint equations. 

[0097] 

The following is a description of a sixth mode of implementation of the 
present invention. In this embodiment, the realizability decision threshold 
generating means 801, the tree defining equation generating means 802, the 
path accommodating equation generating means 803, the artificial variable 
embedding means 804 and the optimizing means 805 of Fig. 8 are 
implemented by executing steps 1001, 1002, 1003, 1004 and 1005 of the 
flowchart of Fig. 10. This embodiment differs from the fifth embodiment in 
that step 1002 executed by the tree defining equation generating means 802 
differs. Therefore, the description is only concerned with the operation of the 
tree defining equation generating means 802. 

[0098] 

Tree defining equation generating means 802 generates constraint 
equations that enable the candidate tree graphs to become trees (see step 1002, 
Fig. 10). 

[0099] 

Next, the following is a description of a seventh mode of 
implementation of the present invention. 
[0100] 

Fig. 11 is a block diagram of the design circuit of the seventh 
embodiment. The design circuit of this embodiment is comprised of a 
computer 1100 including an existing path accommodating means 1101, a 
realizability decision threshold generating means 1102, a tree defining 
equation generating means 1103, a path accommodating equation generating 
means 1104, an artificial variable embedding means 1105, and an optimizing 
means 1106, an input device 1107 and an output device 1108 and a storage 
medium 1109. 

[0101] 

Storage medium 1109 may be a floppy disk, a read-only memory or 
any other types of store. Storage medium 1109 is used to store a program for 
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enabling the computer 1100 to function as a design circuit for designing a tree 
structured communication channel. This program is read by the computer 
1100 to control its function so that the existing path accommodating means 
1101, the realizability decision threshold generating means 1102, the tree 
defining equation generating means 1103, the path accommodating equation 
generating means 1104, the artificial variable embedding means 1105, and the 
optimizing means 1106 are implemented. 
[0102] 

Fig. 12 is a flowchart of the operation of the design circuit of the 
seventh embodiment. 
[0103] 

The seventh embodiment is identical to the fifth embodiment with the 
exception that step for accommodating the given paths into the existing trees 
and step for making a decision whether all the paths can be accommodated in 
the existing trees (see steps 1201, 1202, Fig. 12). Steps 1201 and 1202 are 
identical to steps 601 and 602, respectively, of Fig. 6. 

[0104] 

The following is a description of an eighth mode of implementation of 
the present invention. In this embodiment, the existing path accommodating 
means 1101, the realizability decision threshold generating means 1102, the 
tree defining equation generating means 1103, the path accommodating 
equation generating means 1104, the artificial variable embedding means 1105, 
and the optimizing means 1106 of Fig. 11 are implemented by executing steps 
1301, 1302, 1303, 1304, 1305, 1306, and 1307 of the flowchart of Fig 13. 

[0105] 

The eighth embodiment of the present invention is identical to the 
seventh embodiment with the exception of step that enables the candidate tree 
graphs to become a tree (see step 1304, Fig. 13). Further, step 1304 is identical 
to step 402 of the second embodiment (Fig. 4). 

[0106] 

[Advantages of the Invention] 

The first advantage of the present invention is that it enables paths 
given between ingress nodes and an egress node to be accommodated in a 
tree-structured communication channel having a minimum number of tree 
structures. The reason for this is that a compound integer programming 
problem having an object function that minimizes the number of 
tree-structured channels is solved. 

[0107] 

The second advantage of the present invention is that it enables paths 
given between ingress nodes and an egress node to be accommodated in a 
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tree-structured communication channel. The reason for this is that a 
compound integer programming problem for finding a number of 
tree-structured communication channels for accommodating paths is solved. 
[0108] 

The third advantage of the present invention is that, if there is an 
existing tree-structured channel, it utilizes the existing tree structured channel 
to reduce the number of newly generated tree- structured channels. The 
reason for this is that a decision is first made as to whether paths given 
between ingress nodes and an egress node can be accommodated in the 
existing tree-structured channel and a new tree-structured communication 
channel is generated for accommodating those paths which cannot be 
accommodated in the existing channel. 

[BRIEF DESCRIPTION OF THE DRAWINGS] a 
[Fig. 1] 

A block diagram of a design circuit for designing a tree-structured 
communication channel according to the first and second modes of 
implementation of the present invention. 

[Fig. 2] 

A diagram of a network to which the present invention is 
incorporated. 

[Fig. 3] 

A flowchart of the operation of the design circuit of the first 
embodiment of the present invention. 
[Fig. 4] 

A flowchart of the operation of the design circuit of the second 
embodiment of the present invention. 
[Fig. 5] 

A block diagram of a design circuit for designing a tree-structured 
communication channel according to the third and fourth modes of 
implementation of the present invention. 

[Fig. 6] 

A flowchart of the operation of the design circuit of the third 
embodiment of the present invention. 
[Fig. 7] 

A flowchart of the operation of the design circuit of the fourth 
embodiment of the present invention. 
[Fig. 8] 

A block diagram of a design circuit for designing a tree- structured 
communication channel according to the fifth and sixth modes of 
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implementation of the present invention. 
[Fig- 9] 

A flowchart of the operation of the design circuit of the fifth 
embodiment of the present invention. 
[Fig. 10] 

A flowchart of the operation of the design circuit of the sixth 
embodiment of the present invention. 
[Fig. 11] 

A block diagram of a design circuit for designing a tree- structured 
communication channel according to the seventh and eighth modes of 
implementation of the present invention. 

[Fig. 12] 

A flowchart of the operation of the design circuit of the seventh 
embodiment of the present invention. 
[Fig. 13] 

A flowchart of the operation of the design circuit of the eighth 
embodiment of the present invention. 
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[Document Name] Abstract 
[Abstract] 

[Object] 

In order to generate a minimum number of tree-structured 
communication channels for accommodating paths given between ingress 
nodes and an egress node for a communications network in which 
communication proceeds from an ingress node to an egress node. 

[Means for Solution] 

Communication paths are accommodated in a tree-structured 
communication channel by using an optimizing threshold generating means 
101, a tree defining equation generating means 102, a path accommodating 
equation generating means 103, a tree utilization check equation generating 
means 104, and minimizing the number of the tree- structured communication 
channels by solving a compound integer programming problem by an 
optimizing means 105. 

[Selected Drawing] Fig. 1. 



IN i 1 
Fig.l 



106 



A 
B 



Input device 



Computer 

100 n > L° 



,101 



Optimizing threshold 
generating means 

102 



Tree defining equation 
generating means 

^ 103 



Path accommodating 
equation generating means 

..-./ 104 



,,105 



Optimizinj ; 
means 



Tree utilization decision 
equation generating means 



107 



«'ti 



Output device 



/ 108 



mm 



Storage medium 



J 1 !! flr m ;; r> <> 9 n 7 h 
Fig. 3 



W/lili f-Mt 1 1 ! l 7 1 J I r> 11 



Start 



( Elite ^ 



301 



Path accommodating 
equation generating means 
generates a constraint 
equation that enables all 
given paths to be accommodated 
m any one of the candidate 
tree graphs 



302 



ft- l tKZtitfXD 



Optimizing threshold 
generating means 

generates an object function 
lat minimizes the number of 
candidate tree graphs that 
are used to accommodate 
given paths 

Tree defining equation ( 
generating means generates / 
a constraint equation that J 
enables all candidate tree 
graphs to be concatenated 
and generates a constraint 
equation that causes the 
number of used links to be 
equal to the number of nodes 
minus one 



/ 303 



Bret*. 



,304 



1 L 



Tree utilization check 
305 equation generating means 
generates a constraint 
equation for checking to see 
if each of the candidate tree 
graphs is utilized to accommodate 
a given path 



GE) 

Stop 




by tne obi< 
constraint equations to obtain a tree 




'fftJ'I'Jr '/ ~ •'! r> 0 U H 7 i» 
IN 4 ] 
Fig. 4 



Will 1 1 I'-iAt 1 l f l- ~ '1 l r > II 



401 



Jm 



Start 



( ate ) 



Path accommodating 
equation generating means 
generates a constraint 
equation that enables all 
given paths to be accommodated 
in any one of the candidate 
tree graphs 



•102 



m&t, An./- 

'J 



Optimizing threshold 
generating means 

generates an object function 
iat minimizes the number of 
candidate tree graphs that 
are used to accommodate 
given paths 

Tree denning equation 
generating means generates i 
a constraint equation that J 
enables all candidate tree 
graphs to be concatenated 
and generates a constraint 
equation that causes ingress 
nodes and transit nodes to 
use only one link 



4(X) 



J- 



, 404 



*f'lfflt-i|5iZ*ft 

fWf-iarri*, 
^h>n/^.?.gfi 



r-' 



Tree utilization check 
/ 405 equation generating means 
generates a constraint 
equation for checking to see 
if each of the candidate tree 
graphs is utilized to accommodate 
a given path 



Stop 




by the 6bi( 

constraint equations to obtain a tree 



'If* J 1 1! fir 'J - 7- '■' '■' X O H !> 7 H 

[Nr.] 

Fig. 5 



Computer 
GOO n>t'a-^ 



1 1 



i:'. 




,502 




Optimizing threshold 
generating means 



Tree defining equation 
generating means 

504 



Path accommodating 
equation generating means 



Existing path 
accommodating 



means 




Optimizing 
means 



Tree utilization decision 
equation generating means 




Output device 



509 



Storage medium 



♦ 



WMWrK-= '■' ri ° r > " 
11*1 n] 
Fig. 6 



Existing path accommodating 
means / 
accommodates i— * 
given paths in 
existing trees 



Start 



All paths accommodated ? 



/HOI 



Path accommodating 
equation generating means 
generates a constraint 
equation that enables all 
given paths to be accommodated 
in any one of the candidate 
tree graphs 




Optimizing threshold 
generating means 

generates an object function 
tat minimizes the number of 
candidate tree graphs that 
are used to accommodate 
given paths 



St- 1 tteztzibo 



yyizum-tz 



Tree defining equation 
generating means generates 
a constraint equation that 
enables all candidate tree 
graphs to be concatenated 
and generates a constraint 
equation that causes the 
number of used links to be 
equal to the number of nodes 
minus one 



n * ft 6 s&ttittPiiRas £i* 



Tree utilization check 
f equation generating means 
generates a constramt 
equation for checking to see 
if each of the candidate tree 
graphs is utilized to accommodate 
a given path 



( I* f J Optimizing means solves the compound 
V J integer programming problem formed 

<- .. . .. by the ol> ject function and all the 



:: r> o ;> r> 7 w 



1 1 



IN 7] 
Fig. 7 



Start 



Existing path accommodating 
means / 
accommodates > 
given paths in 
existing trees 



All paths accommodated ? 



v/ fOl path accommodating 

equation generating means 
generates a constraint 
equation that enables all 
given paths to be accommodated 
m any one of the candidate 
tree graphs 



Optimizing threshold 
generating means 

generates an object function 
lat minimizes the number of 
candidate tree graphs that 
are used to accommodate 
given paths 



•703 



I 




-Cits 



I 



Tree defining equation 
generating means generates 
a constraint equation that 
enables all candidate tree 
graphs to be concatenated 
and generates a constraint 
equation that causes ingress 
nodes and transit nodes to 
use only one link 



I 



Stop 



... / 



Tree utilization check 
7ft7 equation generating means 
' u ' generates a constraint 

equation for checking to see 
if each of the candidate tree 
graphs is utilized to accommodate 
a given path 



GlD 




by tfte oDi< 
constraint equations to obtain a tree 



» 4 



INK ] 

Fig. 8 



r> o <* r> 7 



Willi 



•I'jAl l I 'I I n II 

t'f : h i :: 



Computer 

800 =i > 



806 



A 

h 



Input device 



801 



Realiza.bil.ity decision 
threshold generating means 

,,-•802 



Tree defining equation 
generating means 

803 



Path accommodating 
equation generating means 

... 804 



... 805 



ft 



Optimizini 
means 



Artificial variable embedding means 



807 



to 



Output device 



808 



Storage medium 



1 1 



Fig. 9 



:s :\ r> <■) 9 5 7 u 



./ 901 



Realizability decision 
threshold generating 
means generates an object 
function that minimizes 
the total sum of the values 
of artificial variables 



fiWUli T-Mc i i <r- ~ Hi n II 



Path accommodating 
Start equation generating means 

generates a constraint 
equation that enables all 
given paths to be accommodated 
m any one of the candidate 
tree graphs 



*-904 




i- 



farrii, 

T 1 'J(D^fttD 



rite ft i«6«tt«tSIBKI4:«: 



Tree defining equation 
generating means generates 
a constraint equation that 
enables all candidate tree 
graphs to be concatenated 
and generates a constraint 
equation that causes the 
number of used links to be 
equal to the number of nodes 
minus one 



Artificial variable embedding 
. qqc, means embeds a non-negative 
artificial variable into 
each constraint equation 



Stop 



Optimizing means solves the compound 
integer programming problem formed 
by the ooject function and all the 
constraint equations to obtain a tree 




[M i <> 1 
Fig. 10 



WiHVI- 1 1 voiMW r'l : to \:\ 



Start 



Path accommodating 
equation generating means 
generates a constraint 
equation that enables all 
given paths to be accommodated 
m any one of the candidate 
tree graphs 




1004 



WftxCt, An/ - 

*4 'J 



Realizability decision 
threshold generating 
means generates an object 
function that minimizes 
the total sum of the values 
of artificial variables 



Tree defining equation 
generating means generates 
a constraint equation that 
enables all candidate tree 
graphs to be concatenated 
ana generates a constraint 
equation that causes ingress 
nodes and transit nodes to 
use only one link 



Artificial variable embedding 
means embeds a non-negative 
1005 artificial variable into 
each constraint equation 



Stop 




by tne odj< 
constraint equations to obtain a tree 



i 




"!:'<: J'l 1 ,fr v ~ .'i .'i r> 0 9 B 7 9 

[1*1 1 1 ] 
Fig. 11 



Willi I 



ik I i f| 7 I J i r, ii 

I'l': II 



Computer 

1100 



1107 



A 



Input device 



means 



102 



m 

if 
M 



Existin ; path 
acccorr modating 



Realizability decision 
threshold generating means 

1 103 



Tree defining equation 
generating means 

1 101 



Path accommodating 
equation generating means 

... 1 105 



1106 



it 



Optimizin 5 
means 



Artificial variable embedding means 



1108 

L 



\\\ 



Output device 



, 1 109 



Storage medium 



17 



Ml= 33509579 



mma 1^ 7^150 

11-201929 , H: 12/ 13 



[012] 
Fig. 12 



Start 



C5D 



4 



Existing path accommodating 
means accommodates 
given paths in an existing 
&ee 



All paths 
accommodated ? 



1201 



1202 




Path accommodating 
equation generating means 
generates a constraint 
equation that enables all 
given paths to be accommodated 
m any one of the candidate 
tree graphs 



Realizability decision 
threshold generating 
means generates an object 
function that minimizes 
the total sum of the values 
of artificial variables 



m- i tKztzitxD 

A 



Tree defining equation 
generating means generates 
a constraint equation that 
enables all candidate tree 
graphs to be concatenated 
and generates a constraint 
equation that causes the 
number of used links to be 
equal to the number of nodes 
minus one 



X 1 0(D#ftCD 



1207 



Artificial variable embedding 
means embeds a non-negative 
artificial variable into 
each constraint equation 



Stop 



Optimizing means solves the compound 
integer programming problem formed 
by the object function and all the 
constraint equations to obtain a tree 



[ 1*1 1 :■! ] 

Fig. 13 



r> o 9 5 7 ; > 



tii'--, 1 ! 1 , ii f ik l i ! i- 7 u i r, i| 

iVWll' l I ."'(l I <)•/'<) I '(: J .", i; 



Start 



Existing path accommodating 
means accommodates 
given paths in an existing 
free 



nth 



Realizability decision 
threshold generating 
means generates an object 
function that minimizes 
the total sum of the values 
of artificial variables 



All paths 
accommodated ? 



, 130J 



1303 




Path accommodating 
equation generating means 
generates a constramt 
equation that enables all 
given paths to be accommodated 
m any one of the candidate 
tree graphs 



Aj;^«iAT- 
jit; 



Tree defining equation 
generating means generates 
a constraint equation that 
enables all candidate tree 
graphs to be concatenated 
ana generates a constraint 
equation that causes the 
number of used links to be 
equal to the number of nodes 
minus one 



Artificial variable 
/ 1307 means embods 
artificial variable 
each constraint 



embedding 
a non-negative 
\e into 
equation 



GD 

Stop 



Optimizing means solves the compound 
integer programming problem formed 
by the object function and all the 
constraint equations to obtain a tree 



